Ligularia, a highly diversified genus in the eastern Qinghai-Tibet Plateau and adjacent areas, was chosen as a suitable subject in which to study speciation patterns in this 'hot spot' area at the chromosomal level. Chromosome numbers and karyotypes were studied in 23 populations of 14 species, most of which are endemic to this area. The basic number x = 29 was confirmed for all species. Ligularia virgaurea was found to have diploid and triploid cytotypes, 2n = 58 and 87. Other species are only diploid, with 2n = 58. The karyotypes of all populations within any species, and all species spanning most sections and covering most of the morphological range in Ligularia, are very similar to each other, belonging to type 2A according to Stebbin's classification. This karyotype was also found in its close allies, e.g. Cremanthodium, Ligulariopsis, Parasenecio, and Sinacalia. Aneuploid reduction of chromosome number from 2n = 60 to 58 and karyotypic variation was found in Ligularia and its allies. Such a chromosomal pattern with few polyploids infers that variation of karyotype structure at the diploid level seems to be the predominant feature of chromosomal evolution in this group and sympatric speciation via hybridization and polyploidization has played a minor role in its species diversity.
INTRODUCTION
Ligularia Cass., belonging to the family Asteraceae, tribe Senecioneae, is a highly diversified genus with many species in the eastern Qinghai-Tibet Plateau and adjacent areas (Jeffrey & Chen, 1984) . It contains six sections and about 129 species, of which five sections and more than 100 species are distributed in this area and two sections and more than 60 species are endemic to it (Liu, 1989) . Only two species are found in Europe. The species of Ligularia in the eastern Qinghai-Tibet Plateau are not only diverse in appearance, but also occupy a great variety of habitats from forests to high alpine meadows, ranging from 1000 to 4000 m in altitude, although most of them are restricted to the mountains (Liu, Deng & Liu, 1994) .
Ligularia was placed in the subtribe Tussilagininae of the Senecioneae based on its 'cylindrical' anther-collars without enlarged marginal basal cells, 'polarized' endothecial tissue cell-wall thickening, contiguous stigma areas and gametic chromosome number x = 30 descending to x = 29 (Jeffrey & Chen, 1984; Bremer, 1994; Liu, 2001a) . In addition to Ligularia, this subtribe contains ten other genera in China: Cremanthodium, Doronicum, Dicercoclados, Farfugium, Ligulariopsis, Parasenecio, Petasites, Sinacalia, Syneilesis, and Tussilago (Chen, 1999) . The relationships of Ligularia within the subtribe are not well known and it morphologically interweaves with other genera in the eastern Qinghai-Tibet Plateau and adjacent area. Cremanthodium, resembling Ligularia in overall morphology, was considered to be an alpine race or ecotype of Ligularia (Wulff, 1944; Drury, 1967) , but was later recognized as a separate genus based on its nodding capitula and broadly campanulate or hemispherical involucres (Liu, 1982 (Liu, , 1989 Jeffrey & Chen, 1984) . Similarly to Ligularia, Cremanthodium developed its great diversity in the eastern Qinghai-Tibet Plateau. It comprises three sections and 67 species, distributed mostly in the Qinghai-Tibet Plateau, where more than 40 species are native . Although different from Farfugium with glabrous achenes and revolute leaf-margins, Ligularia was suggested to be closely related to it in having large capitula (Liu et al., 1994) . However, the helianthoid type of pollen wall ultrastructure, a rare character in the Senecioneae, occurs in Farfugium whereas all species of Ligularia exhibit the senecionoid pollen wall pattern (Liu, 2000a) , as seen in most genera in this tribe (Nordenstam, 1977) . These pollen wall data refuted the suggestion that Ligularia is closely related to Farfugium. Indeed, in the Chinese Tussilagininae, Cremanthodium, Ligularia, and Ligulariopsis share more morphological features: monopodial branching, a basal rosette with a terminal bud, and persistent fibrous petioles (Liu, 1999) . Monotypic Ligulariopsis, found only in the south Gansu province of the eastern Qinghai-Tibet Plateau and adjacent area Mt Qinglin (Liu & Liu, 2000) , was recently established by Chen (1996) . It differs from Ligularia and Cremanthodium in its discoid capitula, lack of vaginate leaf sheath and presence of an enlarged leaf wing.
Chromosome data are available for 22 species of Ligularia (Table 1) . These observations principally originated from the former USSR and Japan. Almost every species occurring in these countries has been counted at least once. Recently, karyotypic structures of seven species from the eastern Qinghai-Tibet Plateau were analysed by Gong et al. (2001) . The chromosome numbers of this genus vary greatly, from 2n = 32 to 60 (Table 1) . Chromosomal information for other genera related to Ligularia and distributed in the eastern Qinghai-Tibet Plateau is now available (Liu, 1999 (Liu, , 2000b (Liu, , 2000c (Liu, , 2001b Liu et al., 2001) . Further chromosome research on Ligularia might provide a comparison within this genus and between it and its allies. Availability of such a comparison would permit a preliminary understanding of the mechanism producing speciation diversity within such a species-or genera-rich group. Most alpine plants outside Asia have been found to be diversified via hybridization and polyploidization during Quaternary climatic changes (Stebbins, 1984) . The main aims of this study are to test whether such a speciation mechanism occurs in Ligularia, employing an extensive investigation of more populations and species, especially of the highland endemics.
MATERIAL AND METHODS
The species names and populations, as well as their origins and habitats, are listed in Table 2 . The plants were collected mainly from the eastern Qinghai-Tibet Plateau, but a few came from adjacent areas. Voucher specimens are deposited in the Herbarium of the Northwest Plateau Institute of Biology, the Chinese Academy of Sciences (HNWP).
The excised root tips were pretreated in a mixture of 1 : 1 (v/v) 8-hydroxyquinoline (0.002% w/v) : colchicine (0.05% w/v) for 8-10 h, and were fixed and stored in 3 : 1 ethanol -acetic acid. After being brought back to the laboratory, they were macerated with 1 N HCl for 10 min at 60 ∞C, stained, and squashed with Carbol Fuchsin. The chromosomes of at least 50 cells were counted and the measurements of at least three cells were completed. Nomenclature for the centromeric positions of chromosome introduced by Levan, Fredga & Sandberg (1964) was followed. The karyotype classification of Stebbins (1971) was followed, which considered the ratio between the lengths of the largest and the smallest chromosomes and the proportion of chromosomes with arm ratio <2 : 1 as follows: 2A, longest chromosome/shortest chromosome <2 and the proportion varying between 0.01 and 0.05; 2B, longest/ shortest chromosome between 2 and 4, and the proportion varying between 0.01 and 0.05; and 3A, longest chromosome/shortest chromosome <2 and the proportion varying between 0.51 and 0.99. The karyotype asymmetry indices defined by Romero Zarco (1986) were adopted, i.e. A1 = the intrachromosomal asymmetry and A 2 = the interchromosomal asymmetry index. (Table 1) , but 2n = 58 in this investigation. The chromosome number of 2n = 58, previously reported for L. hodgsonii, was confirmed here.
RESULTS

All populations of
The karyotype structures were analysed and the results are shown in Table 3 . For most species, the karyotypes are symmetrical and very similar to each another with a high proportion of metacentric and submetacentric chromosomes. All species have at least one pair of satellited chromosomes, but the satellites L. dentata (A. Gray) Hara † 2n = 60 Japan Arano (1962 Arano ( , 1964 Arano ( , 1975 Zhukova (1967) , Zakharjeva (1990) Japan Arano (1964 Arano ( , 1965 Arano ( , 1975 , Nishikawa (1986) Gurzenkov (1973) , Rudyka (1990) Arano (1962 Arano ( , 1964 Arano ( , 1975 
Japan Morinaga & Fukushima (1931) , Arano (1964 Arano ( , 1968 Lee (1967) *The section classification follows Liu (1989) . †Taxa with karyotype reports.
are indistinct or invisible in some populations owing to unavoidable irregularities of pretreatment in the field. According to the classification of Stebbins (1971) , the karyotypes of all populations and species belong to type 2A. No distinct difference among populations and species was revealed by the asymmetry indices (Fig. 17) .
DISCUSSION
All available chromosome numbers and karyotypes of Ligularia are listed in Tables 1 and 3 . These species cover every section except sect. Stenostegia (Liu, 1989) . Some species are considered as the most primitive, e.g. L. dentata and L. hodgsonii in sect. Corymbosae, and some as the most advanced, e.g.
L. virgaurea, L. tangutorum, and L. liatroides in sect.
Senecillis (Liu et al., 1994) . These species are distributed in the eastern Qinghai-Tibet Plateau and adjacent areas, identified as the most important centre of diversity and the possible centre of origin for the genus (Liu, 1989; Liu et al., 1994) . Furthermore, more than half of these species are endemic to the area. All species from this centre share the same chromosome number of 2n = 58 and similar karyotypes, type 2A. Therefore, we tentatively suggest that x = 29 is the basic number in Ligularia. Undoubtedly, x = 30 is basic to the Tussilagininae, which is derived from x = 10 of the Senecioneae through hybridization and polyploidization (Robinson et al., 1997; Carr et al., 1999) . The basic number x = 29 of Ligularia probably originated from x = 30, the common and basic number of the Tussilagininae, through dysploid reduction. Parallel and reverse evolution of chromosome number rise and fall are common in the Senecioneae, e.g. in Packera, in which chromosome numbers of x = 23, 22, 20 were inferred to have a parallel and reverse evolution through the molecular analyses of Bain & Golden (2000) . The chromosome number of x = 30, which is found mostly in Europe and northern Asia (Table 1) , far from the origin and diversity centre of Ligularia, could represent a reversal of chromosome evolution. This number might be derived from x = 29 through a secondary aneuploid event. The lower numbers of 2n = 32 and 34 found in sect. Cyathocephalum and sect. Senecillis should be considered as extreme reduc- (Robinson et al., 1997) , if the techniques and/or the plant identification were accurate. Both diploid and triploid counts were found in Ligularia virgaurea. Triploidy is recorded for the genus for the first time, although it has been found in Parasenecio by Tamura & Koyama (1989) and in Tephroseris and Sinosenecio by Liu (1999 ; Table 3 ). In general, a triploid is considered to have arisen through the hybridization of a diploid and a tetraploid (Stebbins, 1971 (Stebbins, , 1974 Grant, 1981) . Most triploid plants occur in species or species complexes, which contain diploids and tetraploids (Grant, 1981; Hong, 1990) . However, this investigation revealed no tetraploid in any surveyed population of L. virgaurea, nor in other species of allied genera, in which triploids occurred. The other mode of origin of triploid plants involves one-sided non-reduction in a diploid, producing an unreduced egg, which subsequently united with normal reduced pollen (Grant, 1981) . This situation is less frequent in natural plant populations (Grant, 1981; Hong, 1990) , but has been recorded in the Aster ageratoides complex from Taiwan (Soejima & Peng, 1998) . The triploids in Ligularia and its allies could have arisen in this way. Triploids are sterile and unstable in sexual reproduction, and their maintenance is highly dependent on vegetative propagation. Two accessions of triploids in L. virgaurea were from degenerated grassland, where it propagates mainly through vigorous vegetative rhizomes. All chromosomes and karyotypes of Ligularia allies are listed in Table 4 . The comparison reveals two distinct chromosomal characteristics in this extremely diversified group from the eastern Qinghai-Tibet Plateau evolutionary 'hot spot'. First, most species are diploid with a 2A karyotype, and only a few species contain triploids. Second, the dysploid reduction from x = 30 seems to occur several times in this group, because the dysploid species belong to several distinct genera, e.g. Cremanthodium, Ligularia, Sinosenecio, and Syneilesis. The species with known karyotypes can be further divided into three groups according to the classification of karyotypes of Stebbins (1971) . All investigated species of Cremanthodium, Parasenecio, Ligularia, Ligulariopsis, Sinacalia, and Sinosenecio are type 2A whereas Farfugium is type 3A (Tables 3,  4 ). The type 2B was found in three species of Tussilago and Petasites (Table 4) . A comparison of asymmetry indices reveals that Farfugium has the largest interchromosomal asymmetry (A2) and Tussilago is the genus with the largest intrachromosomal asymmetry (A1). The asymmetry indices of the remaining genera form a cluster without distinct differentiation (Fig. 17) .
Plants are well known for sympatric and abrupt production of new species through autopolyploidy or allopolyploidy via hybridization at the point of contact of two existing species (Stebbins, 1974; Briggs & Walters, 1997) . Before starting this chromosome research on Ligularia, it was expected that polyploids would prevail in this group based on the following facts. First, most species of the investigated species of this group always show sympatric distribution, e.g. Ligularia przewalskii, L. sagitta, and L. virgaurea. This distribution usually infers speciation through polyploidy because only this method could result effectively and quickly in the reproductive separation of the populations growing together (Stebbins, 1971 (Stebbins, , 1974 Grant, 1981) . Second, most of the species are restricted to alpine habitats and facultatively reproduce through both sexual seeds and vegetative rhizomes, whereas the frequency of polyploid species tends to be relatively high in highaltitude areas and they usually display this facultative reproduction (Stebbins, 1971 (Stebbins, , 1984 Grant, 1981) . Third, the Pleistocene climate and topography in the Qinghai-Tibet area (Li, Shi & Li, 1995; Shi, Li & Li, 1998) should have provided good opportunities for polyploid establishment through hybridization in the contact zones of existing species and opened new habitats for polyploid vegetative colonization during the advance and retreat of ice sheets and glaciers (Grant, 1981) . In contrast, all species (especially some endemic species) are diploid except for a few triploids in some genera. The overall uniformity of chromosome numbers and karyotypes in most species of Ligularia and further in its allies indicates that sympatric speciation through polyploidization is a minor factor in the early species diversification of this group.
Several recent karyological and molecular researches on diversity and speciation of the genera endemic to the Qinghai-Tibet Plateau also confirmed this prediction. Sinadoxa, an endemic monotypic genus, was thought to have an ambiguous relationship with Adoxaceae, Valerianaceae of Dipsacales, or other members of Araliales because of its unique and highly complicated inflorescence, a spike with several glomerate interrupted clusters. The results of a molecular study indicated its close relationship with Adoxa (Liu, Chen & Lu 2000a) . In contrast to its morphological distinctness, a very low ITS sequence divergence (3.4%) was found between Sinadoxa and its progenitor Adoxa. This might indicate that Sinadoxa has derived more recently than expected, with insufficient time to accumulate enough mutational differences. Both genera have the same chromosome number of 2n = 36, and a similar karyotype, and the initial differentiation between them might have resulted from allopatric isolation when the first largescale uplifting of the Qinghai-Tibet Plateau occurred about 3.4-1.7 million years ago , Liu, Chen & Lu, 2000a . The second example involves the plateau endemic Nannoglottis (Asteraceae), a genus with about eight species . The molecular infrageneric phylogeny of this genus identified two distinct clades, which agrees well with the habitats and ecological preferences of its current species. The divergence of these clades, 'alpine shrub' vs. 'coniferous forest', was estimated at about 3.4 million years ago when the plateau began its uplifting and coniferous vegetation began to appear. Most of the current species of the 'coniferous forest' clade are estimated to have originated from 1.02 to 1.94 million years ago, when the second and third uprisings of the plateau occurred, the climate oscillated and the habitats were strongly changed. All of the current species in Nannoglottis have a stable chromosome number of 2n = 18 and a similar karyotype (Liu et al., 2000; Gao, 2001) . Therefore, it is assumed that the diversity of this genus has resulted mainly from allopatric speciation because of rapid habitat isolation during the uplifting of the Qinghai-Tibet plateau within the last four million years.
Karyomorphological studies of the plateau endemic Tibetia (Fabaceae) has revealed that all three investigated species also have the same chromosome number (2n = 16) and similar karyotypes (Nie, Gu & Sun, 2002) , which infers a major allopatric speciation mechanism at the diploid level in this genus. The present karyological research in Ligularia, in combination with previous karyological investigations on the Tussilagininae, indicate a similar possible speciation diversity mechanism for this species-and generadiversified group in the Qinghai-Tibet Plateau and adjacent areas. This inference needs to be tested further, in particular on a molecular level. However, such a prediction is consistent with the pattern of biodiversity in eastern Asia, as proposed by Qian & Ricklefs (2000) . The species diversity of temperate plants in eastern Asia has resulted from the great climatic diversity of the area, combined with opportunities for allopatric speciation afforded by repeated fragmentation and coalescence of populations during the Cenozoic ice-age cycles.
